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Gergely Surányi b,c, Szabolcs Leél-Őssy d, Chuan-Chou Shen e,f, Gabriella Koltai g 
a Institute for Geological and Geochemical Research, Research Centre for Astronomy and Earth Sciences, Budaörsi út 45, Budapest H-1112, Hungary 
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The combined use of the stable isotope compositions of speleothem carbonate and inclusion-hosted water pre-
sents great potential in paleotemperature reconstructions, due to the various temperature-dependent isotope 
fractionations detected in cave systems and their environment. This paper evaluates the applicational possibil-
ities of hydrogen and oxygen isotope measurements of inclusion-hosted water and its host calcite, in three 
different approaches: i) direct determination of calcite-water oxygen isotope fractionation by measuring inclu-
sion water and carbonate compositions, ii) calculation of water oxygen isotope composition from hydrogen 
isotope data and of temperature from the inferred calcite-water fractionation, and iii) calculation of formation 
temperature from measured hydrogen isotope data and its temperature dependence in the modern precipitation 
water. Fluid inclusion oxygen and hydrogen isotope compositions as well as calcite oxygen isotope compositions 
were determined for five speleothem occurrences in Hungary. Although the background processes are not 
resolved, calculations involving measured calcite and water oxygen isotope compositions yielded unrealistic 
paleotemperatures, likely because of syn-formation isotope fractionation processes and diagenetic alterations. 
The hydrogen isotope data may yield realistic temperatures, provided that long-term isotopic composition - 
temperature relationships are known and the stable hydrogen isotope composition of the precipitation waters in 
the study area is temperature-controlled. Winter half-year and annual isotope-temperature relationships (δ2H/T 
gradients) were calculated using multidecadal isotope composition records from the Global Network of Isotopes 
in Precipitation (GNIP), gridded surface temperatures, and precipitation amounts from the E-OBS 21.0e database. 
The calculations yielded a paleotemperature record for the last ~250 ka, with average precisions ranging from 
±0.6 ◦C for interglacial to ±2.4 ◦C for glacial periods. Clumped isotope analyses of cave-hosted flowstones 
support the inferred formation temperatures based on gradients, while detection of kinetic fractionations by 
combined hydrogen and oxygen isotope analyses of calcite and inclusion water lead to filtering clumped isotope 
(Δ47) data and more coherent Δ47-temperature relationships.   
1. Introduction 
Stable isotope analyses of inclusion-hosted water extracted from 
speleothems began over 40 years ago (Schwarcz et al., 1976; Harmon 
and Schwarcz, 1981; Yonge, 1982). The application of laser absorption 
spectroscopy has given new momentum to the research field, as the 
technique is cost-effective compared to mass spectrometry and yields 
combined hydrogen and oxygen isotope compositions on the same H2O 
aliquot, with precisions reaching or exceeding mass spectrometric ana-
lyses (Hodell et al., 2012; Arienzo et al., 2013; Affolter et al., 2014; 
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Czuppon et al., 2014; Demény et al., 2016a; Uemura et al., 2016; de 
Graaf et al., 2020). We note here that, although there are other isotopes 
of hydrogen and oxygen (radioactive 3H and stable 17O) besides 2H, 1H, 
18O, and 16O, the term hydrogen and oxygen isotope composition is 
based on the abundances of the latter isotopes (expressed as δ2H and 
δ18O, respectively) and will be used in this paper for simplicity’s sake. 
Combined analyses of hydrogen and oxygen isotope ratios performed 
directly on H2O are particularly advantageous in the case of minerals 
whose chemical composition contains no hydrogen or oxygen (like 
fluorite, CaF2) that would undergo isotope exchange with fluid inclusion 
water. Thus, they may provide direct information on the parent solution, 
without entrapment-related isotope fractionation (Czuppon et al., 
2014). Contrary to oxygen-free minerals, late-stage oxygen isotope ex-
change is possible between inclusion-hosted water and the host car-
bonate (e.g., Uemura et al., 2020), so potential alteration processes must 
be evaluated. Analyses of stable isotope compositions of inclusion- 
hosted water, combined with the determination of the oxygen isotope 
composition of the host carbonate produce carbonate-water oxygen 
isotope fractionation values that in turn can be used to calculate for-
mation temperatures, when fractionation-temperature relationships are 
applied (Schwarcz et al., 1976; Uemura et al., 2016). However, studies 
dealing with such analyses seldom use the measured carbonate and in-
clusion water oxygen isotope compositions to calculate formation tem-
peratures (Allan et al., 2018). A potential reason may be the diagenetic 
alteration processes described by Demény et al. (2016a) that deteriorate 
the original oxygen isotope composition of the encapsulated water, due 
to post-entrapment fractionation processes. Recent experimental results 
suggest that simple isotopic exchange has only a minor influence on the 
oxygen isotope composition of inclusion-hosted water and on tempera-
ture reconstruction (Uemura et al., 2020). Extensive recrystallization or 
dissolution-reprecipitation of the host carbonate is therefore required to 
create significant oxygen isotope shifts. Alternatively, instrumental ef-
fects or isotope exchange processes related to analytical procedure may 
cause shifts away from the original oxygen isotope compositions 
(Meckler et al., 2015). Additionally, site-specific carbonate-water oxy-
gen isotope fractionation may also complicate the interpretation of 
calculated temperatures. Various calcite-water oxygen isotope frac-
tionation equations have been published in the last decades, depending 
on carbonate precipitation conditions and water chemistry (see Demény 
et al., 2017a; Daëron et al., 2019; Jautzy et al., 2020; and references 
therein). The uncertainty deriving from differences in these fraction-
ation equations (up to about 8 ◦C using the most differing equations of 
Kim and O’Neil, 1997, and Daëron et al., 2019) affects all of the pale-
otemperature calculations that apply oxygen isotope compositions of 
calcite and water. 
Another approach in fluid inclusion-based paleotemperature recon-
struction is the use of the hydrogen isotope composition to calculate the 
water’s oxygen isotope value (Zhang et al., 2008). In this method, the 
hydrogen isotope composition is determined for the extracted fluid in-
clusion, and the water oxygen isotope value is calculated using the local 
or global meteoric water line (GMWL, Craig, 1961, the relationship 
between hydrogen and oxygen isotope compositions of meteoric wa-
ters). As the water oxygen isotopic composition is calculated and the 
carbonate is measured, the formation temperature is given as above. 
This approach has two major uncertainties: i) knowing the local mete-
oric water line equation, which is valid in the time period studied; and ii) 
the selection of the carbonate-water oxygen isotope fractionation 
equation (see above). 
The third approach is based solely on hydrogen isotope compositions 
and uses the composition-temperature relationship that was determined 
for the research area (Demény et al., 2017a, 2019; Affolter et al., 2019). 
The advantage of this method is that it relies on a relatively simple and 
robust analytical technique, whereas the disadvantages are that the 
composition-temperature relationship is estimated only from recent 
monitoring activities and that the approach can only be applied in set-
tings where the hydrogen and oxygen isotope compositions of the 
precipitation water are driven by surface temperature. The latter 
requirement is not fulfilled in the maritime tropical-subtropical and 
Mediterranean regions, where the isotopic compositions of precipitation 
depend on the amount of rainfall. 
This paper evaluates these three approaches using 156 fluid inclu-
sion and associated calcite analyses from five speleothems collected in 
Hungary. The conventional isotope analyses were supplemented with 
clumped isotope measurements on speleothems that cover glacial- 
interglacial periods and, thus, a relatively large temperature range. 
We demonstrate that in a temperature-sensitive region, where the 
composition-temperature relationship is known from monitoring activ-
ities spanning several decades, hydrogen isotope compositions can be 
used in paleotemperature reconstructions. 
2. Materials and Methods 
2.1. Speleothems 
Five speleothems from four caves were examined in this paper (see 
Fig. 1 and the Supplementary Material). Speleothems ZEP and BAR-II 
were collected from Baradla Cave (NE Hungary), while a flowstone 
core (BNT-2) was obtained from the nearby Béke Cave (NE Hungary). 
The Baradla and Béke caves are near the village of Jósvafő, and at their 
closest point, they are less than 1 km from each other. The ZEP 
(abbreviated from „Zeppelin”) stalagmite, drilled from the bottom (see 
Supplementary Material, Fig. S1), is 7 m long, broken, and tilted. In-
spections of the drill cores ZEP-1, − 2, and − 3 revealed that the sta-
lagmite was built on a ~ 40 cm thick flowstone layer, which is examined 
in this paper. The core material is primarily characterized by columnar 
calcite that contain elongated fluid inclusions aligned in growth direc-
tion (Fig. S2). U-Th dating of 15 samples (Table S1) revealed that the 
flowstone covers the period between ~330 and 150 ka BP (thousand 
years before present, where „present” refers to 1950 CE). An age-depth 
model was constructed for the inner part of the core covering a period of 
227 to 159 ka BP (See Supplementary Material, Fig. S3). The ZEP-1 core 
was selected for detailed analyses. Both the BAR-II (Baradla Cave) and 
BNT-2 (Béke Cave) speleothems were analyzed in previous research. In 
this study, we refer to the original age models constructed for these two 
speleothems (Demény et al., 2017a and Demény et al., 2019, respec-
tively). Previously published data on the water contents, the inclusion 
water δ2H and δ18O values, and the carbonate δ18O values of stalagmite 
BAR-II (Demény et al., 2017a) are used. For BNT-2, however, new data 
on the isotopic ratios of speleothem fluid inclusions are reported in this 
paper. The Baradla and Béke caves were monitored from 2013 to 2016 
(Czuppon et al., 2018). The long term cave air temperature in the Bar-
adla Cave was 10.2 ± 0.3 ◦C, the drip water at a selected monitoring site 
had stable hydrogen and oxygen isotope compositions of − 65 ± 2‰ and 
− 9.4 ± 0.3‰, respectively (n = 19). The nearby Béke Cave is charac-
terized by similar values (9.8 ± 0.3 ◦C; − 65 ± 1.5‰; − 9.4 ± 0.2‰; n =
63). The temperature and stable isotope data showed no significant 
seasonal fluctuations (Czuppon et al., 2018). 
The 33 cm long stalagmite AJ-1 was found on the cave floor in 
Ajándék Cave (North-Central Hungary). The stalagmite carbonate is 
primarily characterized by dendritic fabric, with layers of columnar 
calcite (Figs. S4A and B). Fluid inclusions are usually elongated and 
arranged in growth layers (Figs. S4C and D). Eight U-Th ages ranging 
from ~240 to ~180 ka BP were obtained for AJ-1 (Table S1). These were 
used to establish an age-depth model (Fig. S5). The Ajándék Cave was 
monitored from 2013 to 2016 that yielded mean cave air temperature 
and drip water stable hydrogen and oxygen isotope data (8.9 ± 0.7 ◦C; 
− 71 ± 0.7‰; − 10.2 ± 0.1‰, respectively; n = 38; Supplementary 
Table S2). 
The fifth speleothem sample examined in this study is a flowstone 
from Abaliget Cave (Southern Hungary, Fig. 1), which was dated and 
analyzed for carbonate carbon and oxygen isotope compositions by 
Koltai et al. (2017). Two drill cores (ABA-1 and ABA-2) covering the 
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period of 165 to 105 ka BP (Koltai et al., 2017) were sampled for fluid 
inclusion analyses. Stable hydrogen and oxygen isotope values of drip 
water (− 65.2‰ and 9.3‰, respectively; n = 7), collected from soda 
straws above the flowstone, were consistent with the local meteoric 
water line (Koltai et al., 2017). These drip water compositions are very 
close to those of the Baradla and Béke caves (see above) and are slightly 
lower than the amount weighted annual precipitation hydrogen and 
oxygen isotope values (− 62.3‰ and 9.1‰, respectively; Czuppon et al., 
2018). This difference indicates that the drip water is biased toward 
winter precipitation due to extensive evaporation during summer in the 
studied region. The drip water compositions of the Ajándék Cave are 
significantly lower (see above), approaching the amount weighted 
average winter precipitation hydrogen and oxygen isotope compositions 
(− 71‰ and 10.2‰, respectively; Czuppon et al., 2018). In spite of the 
differences between the Ajándék Cave and the other caves, all of the 
studied caves showed stable conditions with no significant seasonal 
fluctuations. The drip water compositions described above are used in 
the paleotemperature calculations described below as modern-day 
values. 
2.2. Stable isotope analyses 
Stable oxygen isotope ratios of calcites (samples ZEP-1 and AJ-1) 
were measured using an automated GASBENCH II sample preparation 
device connected online in continuous flow mode to a Thermo Finnigan 
Delta Plus XP isotope ratio mass spectrometer at the Institute for 
Geological and Geochemical Research (IGGR in Budapest, Hungary). 
The isotopic compositions are expressed as δ18Occ values in ‰, relative 
to V-SMOW. The accuracies of δ18Occ values are better than ±0.1‰. 
Analytical details are described in Demény et al. (2019). Water contents 
and the stable hydrogen and oxygen isotope compositions of inclusion- 
hosted waters were determined at the IGGR, following the procedure 
described by Demény et al. (2016a). Sample chips of about 0.5–1 g were 
crushed under vacuum in stainless steel tubes, after which the released 
water was purified by vacuum distillation and introduced into a liquid 
water isotope analyzer, model LWIA-24d, produced by Los Gatos 
Research Ltd. It should be noted, that due to the generally large sample 
requirement the measured compositions represent multidecadal- 
centennial averages. Water contents were determined on the basis of 
H2O amount extracted from inclusions and a calibration by measuring 
different amounts of water standards, and expressed as ppm (mg H2O 
per 1000 g of calcite). Measurement drifts, amount effect, and memory 
effect were tested, analyzing laboratory standards (BWS-1, BWS-2, BWS- 
3; see Czuppon et al., 2014), along with samples, as previously described 
(Demény et al., 2016a; Demény et al., 2019). Prior to running samples, 
actual memory effect was calculated by injecting laboratory standards 
with very different isotopic compositions (see below). As most of the 
sample values were close to the BWS-2 water (see below), BWS-2 was 
analyzed before the extracted water samples. Once the water sample 
from the speleothem was analyzed and the H2O yield was known, lab-
oratory standards with the same amount of H2O were measured to 
overcome amount effect. Finally, shifts from the theoretical composi-
tions of the measured isotope values of water standards were used to 
correct the sample values. Standard deviations (1σ) of BWS-2 (δ2H =
− 74.9‰, δ18O = − 10.41‰) and BWS-3 (δ2H = − 147.7‰, δ18O =
− 19.95‰) laboratory standard waters (see Czuppon et al., 2018) were 
calculated for the corrected and selected analyses (1 μl H2O was 
analyzed, first three analyses were discarded, and values were drift- and 
memory-corrected) for the measurement period. The standard de-
viations of BWS-2 δ2H and δ18O measurements were 0.6 and 0.14‰ (n =
58), while the BWS-3 water yielded 0.8 and 0.14‰ (n = 60). 
The isotopic compositions of waters extracted from fluid inclusions 
(“flinc”) are expressed as δ2H and δ18Oflinc values in ‰, relative to V- 
SMOW. The reproducibility of δ2H and δ18Oflinc values is ±2 and ±
0.5‰, respectively (Czuppon et al., 2014). The analytical accuracies of 
the speleothem inclusion-hosted water’s δ2H and δ18Oflinc 
Fig. 1. Map of the study area, with the studied caves’ locations and GNIP stations. Modern-day δ2H/T gradient values (in ‰ ◦C–1) are also shown. δ2H/T values for 
the winter half year (October–March) are followed by data obtained for the entire year (in square brackets). White dots and letters: GNIP stations. Red dots and pink 
letters: cave locations. Reference period: 1980–2018.The asterisks show significance level *: p ≤ 0.1; **: p ≤ 0.05. The values adjacent to the cave locations are the 
inverse distance weighted mean δ2H/T slopes. Basemap source: Google Earth: Landsat/Copernicus imagery; accessed on 12.12.2020. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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measurements are shown by the analysis of NU-2, a recently formed 
stalagmite (Demény et al., 2016a). The δ2H and δ18Oflinc values of in-
clusion water from the topmost 5 mm of the stalagmite (− 64.8 ± 1.2‰, 
− 9.5 ± 0.5‰, respectively) reported by Demény et al. (2016a) are very 
close to the values obtained in this study (− 66.0‰ and 9.4‰), as well as 
to the drip water compositions measured at the same site (− 64.7‰ and 
9.4‰, Czuppon et al., 2018). Furthermore, calcite samples (HUA-8 and 
Sterling Mine calcites donated by Hubert Vonhof and Yuri Dublyansky) 
that were analyzed at independent laboratories were also measured in 
this study, and their isotopic compositions are plotted in Fig. 2. Sample 
HUA-8 was cut from a stalagmite collected in the Huagapo Cave in Peru, 
in the higher Andes, where precipitation waters are relatively 2H- and 
18O-depleted, and the stalagmite is consequently characterized by low 
δ2H and δ18Oflinc values (− 105‰ and 14‰, respectively, determined at 
the Vrije Universiteit Amsterdam; Hubert Vonhof, pers. comm.). The 
Sterling Mine calcite originated from Sterling Mine, Nevada, whose 
analyses at the University of Innsbruck yielded δ2H = − 107.6‰ and 
δ18Oflinc = − 16.4‰ (Yuri Dublyansky, pers. comm.). The δ2H and 
δ18Oflinc values obtained in this study are slightly more positive for the 
Sterling Mine calcite (by 3 and 0.5‰, respectively) and slightly more 
negative for the HUA-8 calcite (by 2.2 and 1.0‰, respectively) than 
expected, but these differences may derive from the combined effects of 
sample inhomogeneity and differences in laboratory protocols (de Graaf 
et al., 2020). 
Clumped isotope analysis of carbonate samples was performed be-
tween July 2019 and June 2020 on a Thermo Scientific MAT-253 Plus 
isotope ratio mass spectrometer (IRMS) in the Isotope Climatology and 
Environmental Research Center (ICER) of the Institute for Nuclear 
Research (Debrecen, Hungary). Phosphoric acid digestion of the samples 
occurred at 70 ◦C in a Thermo Scientific Kiel IV automatic carbonate 
device, which is coupled to the IRMS by an inert, silica-coated capillary. 
To eliminate organic contamination from the extracted carbon dioxide 
gas, an additional Thermo Scientific PoraPak trap was installed between 
the two cold fingers of the Kiel device. The operation temperature of this 
trap was − 30 ◦C. An hour-long, 120 ◦C cleaning and regeneration pro-
cedure of the PoraPak trap is usually required before each measurement 
process. After cryogenic purification, the carbon dioxide gas was 
measured against a working CO2 gas (Linde AG, δ13CVPDB = − 3.9‰, 
δ18OVPDB = − 12.5‰, purity = 99.998%) for m/z 44–49 in micro-volume 
inlet mode and with the long integration dual inlet (LIDI) method (Hu 
et al., 2014). MAT-253 Plus IRMS has 7 Faraday cups with resistors 3 ×
108Ω, 3 × 1010Ω, and 1 × 1011Ω for masses 44, 45, and 46, respectively, 
as well as 1 × 1013Ω for masses 47, 47.5, 48, and 49. The carbonate 
clumped isotope analyses system has a similar build-up to that described 
in previous publications (Schmid and Bernasconi, 2010; Hu et al., 2014; 
Meckler et al., 2014; Müller et al., 2017; Piasecki et al., 2019). 
Each carbonate sample measurement consisted of 10–12 replicate 
analyses of 100–120 μg aliquots, which were divided into three mea-
surement carousels (with 46 positions) and were measured alongside 
carbonate standard samples with assigned values. ETH1, ETH2, and 
ETH3 were the standard samples (with long-term standard deviations 
ranging from 0.032 to 0.038‰) during Δ47 calculation, and IAEA-C2 
was used to monitor instrument performance. The δ13C, δ18O, and Δ47 
values of the ETH standards (Table 1 in Bernasconi et al., 2018) were 
used to transfer sample Δ47’s results into the absolute reference frame. 
The signal collection of one replicate consists of 40 cycles of a 10 s 
integration period. During this collection period, the initial 17–18 V 
intensity of m/z 47 drops down to 12–13 V. The applied working gas was 
measured under the same conditions. The background correction of the 
Isodat NT software was disabled. Peak scans at six different intensities 
were used to calculate the pressure baseline correction. These scans 
were performed before and after measurement, and the correction 
values were interpolated (V44-V49 ETH PBL). 
Data evaluation was conducted with the Easotope application (John 
and Bowen, 2016), using the CO2 clumped ETH PBL replicate analyses 
method and “Brand parameters” (Baertschi, 1976; Gonfiantini et al., 
1995; Meijer and Li, 1998; Assonov and Brenninkmeijer, 2003; Brand 
et al., 2010), also called the “IUPAC” parameters (International Union of 
Pure and Applied Chemistry). A phosphoric acid correction factor 
(Δ*25–70) of 0.066 was applied (Petersen et al., 2019). 
3. Results and discussion 
The speleothems cover a long time period, ranging from sub-recent 
flowstones to a > 300 ka old flowstone that formed in different cave 
systems and under various climate regimes. Paleoclimatic in-
terpretations of stable isotope compositions would be beyond the scope 
of this paper, thus, the isotopic compositions are not described in detail 
here. However, the observed relationships concerning paleotemperature 
calculations are discussed in the following sections. Listed in Table S2 
Fig. 2. Stable hydrogen and oxygen isotope compo-
sitions (in ‰ relative to V-SMOW) of inclusion- 
hosted waters from Hungarian speleothems (see 
Table S2), as well as the results of interlaboratory 
sample measurements. ZEP: ZEP-1 core from the 
Baradla cave. ABA: ABA-1 and ABA-2 cores from the 
Abaliget cave. AJ-1: stalagmite from the Ajándék 
cave. BAR-II: stalagmite from the Baradla cave. BNT- 
2: flowstone core from the Béke cave. See Fig. 1 for 
locations. SM: Sterling Mine calcite donated by Y. 
Dublyansky and measured at the Innsbruck Univer-
sity. HUA-8: calcite donated by H. Vonhof and 
measured at the Vrije Universiteit Amsterdam. Bar-
adla drip water compositions are from Czuppon et al. 
(2018). Local meteoric water line (LMWL) for the 
Mecsek Mts. is δ2H = 7.8⋅δ18O + 6.1 (based on the 
2004–2017 data of Fórizs et al., 2020), whereas for 
the Baradla Cave’s area it is δ2H = 7.5⋅δ18O + 6.0 
(for the period of 2013 to 2016, Czuppon et al., 
2018).   
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are the water contents, the hydrogen and oxygen isotope compositions 
of inclusion waters, and the calcite oxygen isotope values averaged for 
the inclusion analyses samples. Clumped isotope data are listed in 
Table S3. 
Using the stable isotope data obtained in this paper, temperature 
calculations may be based on i) direct δ18Oflinc and δ18Occ measure-
ments, ii) combination of measured δ18Occ values and δ18Owater values 
calculated from δ2H data, or iii) on basis of the temperature dependence 
of the hydrogen isotope composition of precipitation water in the region 
(i.e., long-term, modern-day δ2H/T slopes/gradients). The procedures, 
advantages and drawbacks are described and discussed in the 
followings. 
3.1. The use of δ18Oflinc values in paleotemperature calculations 
Speleothems usually form in caves from dripping water that origi-
nated as meteoric precipitation. As a result, the drip waters’ hydrogen 
and oxygen isotope compositions generally follow global or local 
meteoric water lines, i.e., linear relationships in the δ2H-δ18O plot (e.g., 
Rozanski et al., 1992, 1993), and inclusion-hosted water should be no 
exception to this relationship. However, strong shifts in the δ18Oflinc 
values were previously reported (Demény et al., 2016a) and were also 
detected in this study (Fig. 2). Significant δ2H changes from the original 
compositions are not assumed as the host carbonate’s structure contains 
no hydrogen and late stage alteration that would cause hydrogen 
diffusion in or out is also unlikely for speleothems. The current dataset 
covers a large δ2H range of about 40‰, and significant negative δ18Oflinc 
shifts (of up to 10‰) away from the Global Meteoric Water Line (GMWL) 
(Fig. 2). All the researched speleothems display similar shifts, albeit to 
different extents. One possibility is analytical bias, i.e., methodology- 
related isotope fractionation that affects part of the samples. However, 
materials with expected isotopic compositions and samples measured at 
independent laboratories were also analyzed and yielded close-to- 
expected results. The top layers of recently formed stalagmites that 
cover the last few decades (NU-2 stalagmite, Demény et al., 2017b) 
yielded δ2H and δ18Oflinc values which were very similar to the values of 
the local drip water compositions (Fig. 2). The Sterling Mine calcite and 
the HUA-8 calcite yielded isotopic compositions along the GMWL 
(Fig. 2) that were similar to the expected values (see Materials and 
Methods section). Thus, we can conclude that the negative δ18Oflinc shift 
is not related to measurement bias. 
Next, we examined if secondary alteration could explain the 
observed negative δ18Oflinc shift. The lower the water content of the 
sample, the higher the chance of late-stage oxygen isotope exchange 
between the water and calcite that could alter the original isotopic 
composition. The isotope shift was quantified by calculating the δ18O 
value of water from the δ2H values, using the GMWL equation (δ2H =
8⋅δ18O + 10, Craig, 1961), and the difference between the calculated 
values and the δ18Oflinc data were computed. The δ18Oflinc shifts were 
plotted as a function of water contents, which yielded ambiguous re-
sults, with some speleothems showing positive correlations and others 
no correlations (Fig. S6). The ZEP-1, the AJ-1, and the BNT-2 samples 
had statistically significant positive correlations, while the ABA flow-
stone and the BAR-II stalagmite did not show significant correlations 
(Fig. S6). It should be noted, however, that the water content of spe-
leothems may also depend on climate conditions (Vogel et al., 2013; 
Demény et al., 2013), thus, the correlations with the isotope composi-
tions of ZEP-1, AJ-1, and BNT-2 may not necessarily indicate late-stage 
alteration effects. On the other hand, there is a systematic relationship 
between the δ2H values and the δ18Oflinc shifts for all five speleothems, 
which suggests that lower δ2H values are associated with larger negative 
δ18Oflinc shifts (Fig. S6). 
Negative δ18Oflinc shifts are difficult to explain with late-stage isotope 
exchange (Uemura et al., 2020), as they would require either a strong 
temperature decrease (that in turn would preclude diffusive isotope 
exchange) or an influx of a low-δ18O fluid. Strong negative δ18Oflinc 
shifts are related to low δ2H values in glacial parts of the studied spe-
leothems, which makes additional cooling or introduction of more 18O- 
depleted solution unlikely. Rising cave temperatures during subsequent 
interglacial periods may induce re-equilibration (although, we must 
note that the low temperature precludes diffusion-driven exchange), in 
which case, the calcite-water oxygen isotope fractionation would 
decrease and the inclusion water would approach the host calcite 
composition (i.e., it would undergo a positive δ18Oflinc shift). Mineral-
ogical changes may induce negative δ18Oflinc changes, if an amorphous 
calcium carbonate (ACC) is formed, with a small carbonate-water oxy-
gen isotope fractionation; calcitization would result in a fractionation 
increase and, consequently, a negative δ18Oflinc shift (Demény et al., 
2016a, 2016b). The ACC is inferred to have a δ18O value that is at least 
2.4‰ lower than that of calcite precipitating at the same conditions 
(Demény et al., 2016b). However, this fractionation would not explain 
the observed ~10‰ shift. 
Another explanation may be the preferential and non-equilibrium 
bonding of 18O to the calcite structure, causing the inclusion water to 
be 18O-depleted. The lower the formation temperature, the higher the 
degree of 18O-bonding, whereas the opposite means that rising tem-
perature results in approaching a thermodynamic equilibrium, analo-
gous to the clumping of rare heavy isotopes in the carbonate structure 
(Eiler, 2007). Extraction of 18O from the water would not appear in the 
calcite composition, due to the large mass difference between the two 
compounds. However, in the absence of evidence, the explanation of 
preferential removal of 18O from the trapped inclusion water is specu-
lative and requires further research. Whatever process caused the 
observed δ18Oflinc shift, the data are not appropriate for temperature 
calculation. This observation is demonstrated by the large and unreal-
istic temperature values (from − 39 to 22 ◦C, with an average of − 7 ◦C, 
Fig. 3A, Supplementary Table S2). 
3.2. Combined application of δ18Occ and δ2Hflinc values in 
paleotemperature calculations 
In this paleotemperature calculation approach, the oxygen isotope 
composition of water is calculated from the δ2H value and from the 
actual global or local meteoric water line (GMWL or LMWL), and the 
fractionation between the calculated water value and the measured 
calcite δ18Occ may provide the absolute temperature, if the 
fractionation-temperature relationship is known (Zhang et al., 2008). 
The uncertainties in fractionation equations have been widely discussed 
(e.g., Daëron et al., 2019). As a compromise, an intermediate equation 
(Eq. 1) between those of Coplen (2007) and Tremaine et al. (2011) (in 
the ratio of 65% and 35%, respectively) was selected for the present 
study, as this relationship was found for the local settings (Demény et al., 
2016b). 
1000⋅lnα(calcite − H2O) = 0.65⋅(17, 400/T–28.6)+ 0.35⋅(16, 100/T–24.6)
(1) 
Additionally, the hydrogen and oxygen isotope data must be cor-
rected for changes in the oceanic source composition, which is related to 
ice volume variation throughout glacial-interglacial cycles. The correc-
tion procedure is based on the method of Spratt and Lisiecki (2016), who 
suggested corrections using the relationship between sea level and the 
δ18O values of ocean water. The δ2H correction was obtained by 
multiplying the δ18O correction by 8 (based on the GMWL equation in 
Craig, 1961). A temperature error of 1.6 ◦C was obtained by assuming 
±0.1‰ and ± 2‰ measurement uncertainties for δ18Occ and δ2H, 
respectively, and calculating with worst-case scenario (both un-
certainties acting in the same direction). This calculation yielded a 
paleotemperature record (Supplementary Table S2) with large fluctua-
tions (Fig. 3B, open circles) that are unrealistic within the local envi-
ronmental parameters. Speleothem formation temperatures below 0 ◦C 
are impossible, because there would not be a drip water supply at those 
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temperatures. Temperatures reaching 19 ◦C at the last interglacial (at 
about 120 ka BP, Fig. 3) are also unrealistic, even during the interglacial 
periods, as temperatures would have needed to be about 9 ◦C warmer 
than in the present day. On the contrary, the last interglacial was 
approximately 1.5 ◦C warmer on a global scale than the present day 
(Turney and Jones, 2010). Furthermore, a maximum temperature 
anomaly of +4.3 ◦C relative to the present day was found at a high- 
altitude cave in the Italian Alps by Johnston et al. (2018). Thus, Fig. 3 
shows a realistic temperature range of 0 to 12 ◦C as a reference. 
3.3. The use of δ2H values in paleotemperature calculations 
The third approach is based on the temperature dependence of the 
hydrogen isotope composition of precipitation water in the region (i.e., 
long-term, modern-day δ2H/T slopes/gradients). Affolter et al. (2019) 
used an equivalent approach and a recent δ2H/T gradient for a 14-ka 
long record from the Milandre cave (Switzerland) that included the 
Younger Dryas and the Holocene, as well. The local composition- 
temperature relationship for the Baradla Cave’s area was studied in 
previous research (Demény et al., 2017a), via monitoring over several 
years. However, as Kern et al. (2019) elucidated, longer-term 
monitoring provides more robust and coherent relationships in the 
wider region. The empirical δ2H/T slope was determined for modern 
precipitation (1980–2018) surrounding the study area (Fig. 1). Monthly 
precipitation stable hydrogen isotope compositions were extracted from 
the Global Network of Isotopes in Precipitation (GNIP; http://www.isoh 
is.iaea.org) database for the five nearest GNIP stations with more than 
10 years of data between 1980 and 2018: Krakow (Poland), Liptovsky 
Mikulas (Slovakia), Vienna (Austria), Ljubljana (Slovenia), and Zagreb 
(Croatia). The monthly records were updated with recently published 
data for Ljubljana (Kern et al., 2020a) and Zagreb (Krajcar Bronić et al., 
2020). Monthly gridded (0.25 deg. x 0.25 deg., approx 30 km) 
precipitation-amount and surface air temperature data were retrieved 
(E-OBS 21.0e, Cornes et al., 2018) from the grid cell nearest to the GNIP 
stations to infer annual mean and winter half-year (October to March) 
δ2H-temperature gradients. As a criterion for incomplete years, amount- 
weighted annual and winter half-year mean δ2H values were only 
computed if the δ2H data represented more than 85% of the precipita-
tion total of the considered time interval (annual or winter), as it was the 
critical threshold for precipitation tritium (Kern et al., 2020b). 
Linear regression slopes were calculated between the amount- 
weighted annual/winter δ2H and the corresponding seasonal mean 
temperature to determine the site-specific modern day δ2H/T (‰ ◦C− 1) 
gradient. The analysis returned a significant (p < 0.1) positive slope for 
each station, and the gradient varied between 3.64 and 6.45‰ ◦C− 1 for 
winter, and 2.27 and 5.38‰ ◦C− 1 for the annual mean (Fig. 1, Table S4). 
Finally, the inverse distance weighted mean δ2H/T slopes were calcu-
lated for each cave location, using distances from the GNIP stations 
(Fig. 1, Table S4). This procedure yielded δ2H/T gradient values of 5.0‰ 
◦C− 1 for the Baradla and the Ajándék caves, and 4.7‰ ◦C− 1 for the 
Abaliget cave, which values are very close to the δ2H/T gradient of 4.8‰ 
◦C− 1 inferred from the average mid-latitude δ18O/T gradient of 0.6‰ 
◦C− 1 (Rozanski et al., 1992). The value of 5.0‰ ◦C− 1 was applied for the 
ZEP-1, BAR-II, BNT-2, and AJ-1 samples, while the 4.7‰ ◦C− 1 value was 
used for the ABA-1 and ABA-2 samples. Demény et al. (2017a) and 
(Demény et al., 2019) used lower δ2H/T gradient values (about 2 to 
3.5‰ ◦C− 1), based on local precipitation monitoring spanning about two 
years. The large (up to >10 ◦C) variations in the calculated temperatures 
of Demény et al. (2017a) and (Demény et al., 2019) may derive from the 
use of δ2H/T gradient values that are too low and should therefore be 
revised in later studies. 
For paleotemperature calculations, winter half-year precipitation 
δ2H/T gradients were used, as local cave drip waters derive predomi-
nantly from cold season infiltration (Czuppon et al., 2018). One of the 
primary issues of using modern δ2H/T gradient values is that the 
isotope-temperature relationship may change with time. The δ18O/T 
gradient calculated for non-overlapping, multiannual periods using 
long-term precipitation isotope data from Zagreb was slightly different 
but nevertheless statistically indistinguishable (Krajcar Bronić et al., 
2020), suggesting that the empirical δ18O/T relationship at a given 
location is robust at the sub-centennial time scale. Although the local 
δ2H/T variations at the researched caves are unknown, previous studies 
on meteoric water and groundwater in the Great Hungarian Plain (East 
Hungary) indicate subtle changes from recent to glacial times. A δ18O/T 
gradient of 0.32‰ ◦C− 1 was found during a 9-year long precipitation 
monitoring sequence in Debrecen (East Hungary, Vodila et al., 2011), 
whereas a slightly higher δ18O/T value of 0.38‰ ◦C− 1 was calculated 
using differences in δ18O values and noble gas temperatures of Holocene 
and pre-Holocene (>20 ka BP) groundwaters (Varsányi et al., 2011). 
The 0.06‰ ◦C− 1 difference between the recent and fossil values would 
correspond to an approximately 0.5‰ ◦C− 1 δ2H/T increase, if the glacial 
period is included. These small changes suggest that the empirical δ18O/ 
T relationship at a given location is robust even at glacial-interglacial 
time scales. However, the uncertainties of winter half-year gradients 
(expressed as standard error, SE) are rather high (1.7 to 2.7 SE) 
compared to the annual gradients (0.8 to 1.6 SE, Table S4). The prop-
agated standard errors for the cave location gradients are 2.1 to 2.3 for 
Fig. 3. A). Paleotemperature data yielded by the combined application of 
stable oxygen isotope compositions of calcite (δ18Occ) and fluid inclusion water 
(δ18Oflinc). B) Paleotemperature data obtained from hydrogen isotope analyses 
of inclusion waters (δ2H-based) and from the combined use of δ2H values and 
oxygen isotope analysis of speleothem calcite (δ18Occ-based). Shaded areas 
mark the range of realistic temperatures that can be inferred from the studied 
speleothems (see text). Temperature errors were calculated using error propa-
gation of analytical and δ2H/T gradient uncertainties (see text). Calculated 
errors are smaller than the dot size for the BNT-2 samples. The δ18Occ-based 
temperatures have a uniform uncertainty of ±1.6 ◦C originated from analy-
ical precisions. 
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the winter half-year and 1.2 to 1.3 for the annual data. Based on these 
considerations and due to the use of the winter gradient values in the 
temperature calculations, a tentative 2.2‰ ◦C− 1 uncertainty is used for 
the propagated error calculations, which represents a maximum error 
estimation. 
The shifts of source-corrected δ2H values (see above) from the 
modern-day values were calculated and divided by the δ2H/T gradients 
to obtain the shift from the modern-day temperature. This procedure 
yields long-term surface temperatures (Table S2). The δ2H-derived 
temperatures in Fig. 3B show a realistic temperature range. The mini-
mum temperature yielded for the ~150 ka old glacial period is 1.1 ±
4 ◦C, while the maximum temperature is 10.7 ± 0.3 ◦C in the Holocene, 
10.2 ± 0.1 ◦C in the last interglacial (MIS5, about 120 ka ago), and 10.1 
± 0.1 ◦C in the MIS7 interglacial, approximately 200 ka ago. Un-
certainties of the δ2H-derived temperatures were calculated using error 
propagation with the following conditions: δ2H and δ2H/T gradient 
uncertainties are ±2‰ and ± 2.2‰ ◦C− 1, respectively, and the un-
certainties follow the Gaussian probability distribution. The average 
propagated error for the entire dataset is 1.1 ◦C. We have to emphasize, 
however, that the error propagation calculation is based on the 
assumption that the uncertainties follow Gaussian probability distribu-
tion, which may not be valid for the isotope data and for the δ2H/T 
gradient estimation. The ±2‰ uncertainty in the δ2H values may itself 
induce a temperature uncertainty of 0.5 ◦C, which can be considered as 
the lowest limit of temperature error. Another source of uncertainty 
derives from the estimation of the δ2H/T relationship, as there is no 
information about the δ2H/T variation on the multimillennial age scale. 
However, the winter-based 2.2‰ ◦C− 1 uncertainty is thought to be a 
maximum value, as the annual values (based on larger datasets) have 
much lower scatter, and the glacial-interglacial change are associated 
with much smaller δ2H/T variation (see above). The interglacial periods 
(0–11 ka BP, 115–130 ka BP, 200–215 ka BP) yielded an average tem-
perature error of ±0.6 ◦C, while glacial periods (108–115 ka BP, 
130–200 ka BP, 215–227 ka BP in the present dataset) yielded an 
average temperature error of ±2.4 ◦C due to the large (up to 40‰) δ2H 
shift from the present day drip water compositions. 
To test if the δ2H-derived temperatures are reliable, clumped isotope 
analyses were performed on the ZEP-1 flowstone core, because it covers 
several glacial-interglacial periods (and thus large temperature ranges). 
Additionally, unlike stalagmites, cave-hosted flowstones appear to yield 
close-to-equilibrium Δ47 values (e.g., the Havasok cave tufa deposit that 
was studied by Kele et al., 2015 and can be classified as a flowstone, 
being a sheet-like, cave-hosted carbonate deposit formed on rock sur-
face). Also unlike stalagmites, whose carbonate is precipitated from 
dripping water due to fast CO2 degassing, flowstones are formed from a 
water film flowing down on a rock surface. Thus, they are transitional 
between stalagmites and subaqueous carbonate formations, the latter 
yielding close-to-equilibrium clumped isotope values (Daëron et al., 
2019). 
The topmost part (upper 2 mm) and a sample at 10 mm from the top 
of the BNT-2 flowstone were measured for comparison. Based on the age 
data of Demény et al. (2019), the topmost sample covered the last de-
cades based on radiocarbon activity measurements, whereas the sample 
at 10 mm had an age of about 520 yr BP (Before Present). The Δ47 data 
(see Table S3) were plotted as a function of δ2H-derived temperatures 
(for the ZEP-1 samples and for the BNT-2/10 mm sample) and moni-
tored cave air temperature (for the topmost BNT-2 sample) in Fig. 4. The 
ZEP-1 and the BNT-2 flowstone data scatter around the Jautzy et al. 
(2020) equilibrium line, which indicates that the δ2H-derived temper-
atures are realistic. Further evaluation of the clumped isotope data re-
quires the inspection of kinetic and equilibrium isotope fractionations, 
as discussed in the following section. 
3.4. Calcite-water oxygen isotope fractionations 
As discussed, paleotemperature reconstructions using calcite oxygen 
isotope compositions appear to be unreliable, yielding unrealistically 
high and low temperatures. Secondary, post-formational diagenetic 
processes can be excluded as a major cause, because cave environments 
are isolated, stable in the geological time scale, and usually untouched 
by exotic fluids that could change the isotopic compositions of the car-
bonates. In contrast, primary processes related to formation, such as 
kinetic fractionations and changes in the physiochemical conditions, can 
significantly influence the δ18O value of the precipitated calcite, with 
both scenarios affecting the calcite-water oxygen isotope fractionation 
(Dietzel et al., 2009; Watkins et al., 2014). Once the δ18Occ value is 
Fig. 4. A) Clumped isotope compositions (Δ47) of 
the ZEP-1 and BNT-2 flowstones as a function of 
temperature. Temperatures are δ2H-based for the 
ZEP-1 samples and monitoring-based for the BNT-2 
samples. Red dots: ZEP-1 samples with no detected 
kinetic shift in δ18O values. Pink dots: ZEP-1 sam-
ples with detected kinetic shift in δ18O values. Blue 
dots: BNT-2 samples. Solid line: Jautzy et al. (2020). 
Uncertainties: standard error for Δ47 data and error- 
propagated standard deviation for the temperature 
data. B) 1000⋅lnα(calcite-water) values vs. 1/K for 
samples measured for clumped isotope compositon. 
Solid line: Daëron et al. (2019); dashed line: the 
Daëron et al. (2019) curve +0.3‰. See text for de-
tails. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the 
web version of this article.)   
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measured and source-corrected (see above), and the δ18Owater value is 
calculated from the source-corrected hydrogen isotope compositions, 
the calcite-water oxygen isotope fractionation is obtained and expressed 
by 1000⋅lnα, where α = (18O/16Occ)/ (18O/16Owater). The 1000⋅lnα 
values can be plotted as a function of δ2H-derived formation tempera-
ture to understand the impact of kinetic effects and physiochemical 
changes. The calculated 1000⋅lnα values and the δ2H-derived tempera-
tures would be automatically correlated, if the δ18Occ data were con-
stant, with a slope of 0.63 ◦C− 1. The ~25‰ δ2H change observed for the 
individual speleothems (Fig. 2) would correspond to a δ18Owater change 
of approximately 3‰, which is transferred to the δ18Occ data through the 
calcite-water oxygen isotope fractionation. Changing the δ18Occ values 
would decrease the slope of the linear 1000⋅lnα–temperature correlation 
to reach an equilibrium calcite-water isotope fractionation. Deviations 
from the equilibrial calcite-water 1000⋅lnα–temperature relationships 
may indicate kinetic fractionation or changes in physiochemical con-
ditions. Fig. 5 shows that the oxygen isotope compositions of the calcites 
change, along with the δ2H-derived δ18Owater values, by about 7‰, that 
makes the automatic 1000⋅lnα–temperature correlation unlikely. 
Fig. 6. shows calculated 1000⋅lnα values as a function of temperature 
with a large spread, as well as with systematic distributions. Most of the 
speleothems yielded positive 1000⋅lnα–1/T relationships, starting from 
“equilibrium” values around the fractionation curve of Daëron et al. 
(2019) and trending toward higher 1000⋅lnα values at lower tempera-
tures. This shift can be explained by the increasingly dry conditions 
during cooling (see Demény et al., 2017a for the Baradla Cave cases). A 
reduction in the precipitation amount increases the chance of degassing, 
evaporation, and Prior Calcite Precipitation along the karstic water 
seepage route, leading to kinetic isotope fractionation and 18O-enrich-
ment in the precipitated calcite (Riechelmann et al., 2013). 
In contrast, the shifts to low 1000⋅lnα with decreasing temperature 
can be attributed to changes in the solution chemistry. The equation of 
Kim and O’Neil (1997) was obtained in calcite-precipitating experi-
ments, applying higher pH values in the solution than are present in 
modern-day conditions in the studied caves (Czuppon et al., 2018). 
Studies on calcite-water oxygen isotope fractionation showed 
decreasing 1000⋅lnα values with increasing pH (Watkins et al., 2014; 
Kluge et al., 2018). Glacial conditions, which are presumed for the ABA 
flowstone (Koltai et al., 2017), produce low temperatures and reduced 
soil CO2 production, leading to higher pH in the infiltrating solution. 
This process may explain the negative shift observed in the 1000⋅lnα 
values obtained for the ABA flowstone (Fig. 6) toward the Kim and 
O’Neil (1997) curve. 
However, some of the ABA data are shifted toward even lower 
1000⋅lnα values. An additional explanation can be found in mineralog-
ical changes, i.e., in the extensive formation of ACC with low ACC-water 
oxygen isotope fractionation (Demény et al., 2016b), which is preserved 
in the recrystallized calcite (Demény et al., 2016a). 
The observed positive 1000⋅lnα-1/T trends (Fig. 6) have another 
implication. The Daëron et al. (2019) curve is based on data from 
extremely slowly growing carbonate (including the Devils Hole calcite 
reported by Coplen, 2007) and therefore can be interpreted to be the 
closest to equilibrium. Samples shifted from this equilibrium toward 
higher 1000⋅lnα values that exceed the analytical uncertainties (~0.3‰, 
Fig. 4B) may be regarded as kinetically influenced, and their data can be 
excluded from the interpretations. The ZEP-1 data scatter on the Δ47- 
temperature plot (Fig. 4) is slightly reduced, when the kinetically 
affected samples (pink dots in Fig. 4) are excluded. The “equilibrium” 
samples are plotted close to the Daëron et al. (2019) curve indicating 
that not only are the δ2H-derived temperatures realistic, but also that the 
calculated 1000⋅lnα-temperature relationship can be used to filter the 
samples to obtain more reliable clumped isotope data for cave-hosted 
flowstones. 
4. Conclusions 
Speleothems spanning the last ~250 ka and various formation en-
vironments (stalagmite or flowstone) were collected from several caves 
in Hungary, and the stable isotope compositions of calcites and 
inclusion-hosted waters were determined for 156 samples. The data 
were used in paleotemperature calculations based on three approaches. 
i) Direct determination of calcite-water oxygen isotope fraction-
ation by measuring the δ18O values of calcite and inclusion water. 
Fig. 5. Calculated δ18Owater values (see text for calculation procedure) as a function of calcite δ18Occ data (both in ‰ relative to V-SMOW). Speleothems are marked 
as in Fig. 2. Linear regression calculation for the entire dataset yield an R2 value of 0.8. 
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The δ18O values of inclusion waters determined for Hungarian 
speleothems show an increasingly negative shift from the Global 
Meteoric Water Line, with decreasing δ2H values, which may be 
due to the combined effects of diagenetic alteration, mineralog-
ical changes, and preferential bonding of 18O to the calcite 
structure. The strong δ18O shift precludes the use of direct calcite- 
water oxygen isotope measurement in paleotemperature 
calculation.  
ii) Calculation of water δ18O values from the hydrogen isotope 
composition of inclusion-hosted water and global or local mete-
oric water lines, direct measurement of calcite composition, and 
temperature calculation, using known fractionation-temperature 
relationships. The unrealistic temperatures yielded by this 
approach indicate that the calcite δ18O values may have been 
affected by syn- and post-formational processes, such as kinetic 
fractionation and late-stage isotope exchange. More data on 
diagenetically altered speleothem formations and additional 
experimental studies are needed to decipher the background 
processes.  
iii) Calculation of ambient temperature from the hydrogen isotope 
composition of inclusion-hosted water. This calculation requires 
the local long-term composition-temperature relationship for 
precipitation waters, the modern-day temperature, and the drip 
water composition. The precision of the calculations depends on 
the δ2H difference between recent drip water composition and 
the actual period’s δ2H value (1‰ increase corresponds to 
Fig. 6. A) Calcite-water oxygen isotope fractionation 
values as a function of δ2H-based temperatures (in 1/ 
K) for speleothems (marked as in Fig. 2). The un-
certainties related to analytical precision and tem-
perature calculations are indicated only for the ABA 
flowstone data to clarify the fig. B) Main processes 
affecting the calcite-water oxygen isotope fraction-
ation value. ACC: amorphous calcium carbonate (the 
arrow indicates that the fractionation value is a lower 
estimation, see Demény et al., 2016b).   
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~0.2 ◦C calculated temperature rise), as well as on the knowledge 
of the δ2H/T gradient (1‰ ◦C− 1 increase causes ~0.4 ◦C higher 
calculated temperature). The composition-temperature relation-
ships were determined for the study area by collecting amount- 
weighted annual and winter half-year mean δ2H values from 
the Global Network of Isotopes in Precipitation and monthly- 
gridded surface temperatures. Clumped isotope analyses of a 
flowstone layer supported the inferred δ2H-based temperatures. 
The calculations yielded paleotemperature data for the last ~250 
ka ranging from 1.1 ± 4 ◦C (MIS6 glacial period) to 10.7 ± 0.3 ◦C 
(Holocene). Future studies on potential changes in the δ2H/T 
gradient are needed to determine the degree of temporal δ2H/T 
variations and their effects on the paleotemperature calculations. 
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Spötl, C., Richter, D.K., Mangini, A., Immenhauser, A., 2013. Disequilibrium carbon 
and oxygen isotope fractionation in recent cave calcite: Comparison of cave 
precipitates and model data. Geochim. Cosmochim. Acta 103, 232–244. 
Rozanski, K., Araguás-Araguás, L., Gonfiantini, R., 1992. Relation between long-term 
trends of oxygen-18 isotope composition of precipitation and climate. Science 258, 
981–985. 
Rozanski, K., Araguás-Araguás, L., Gonfiantini, R., 1993. Isotopic patterns in Global 
Precipitation. Climate change in continental isotopic records. Geophys. Monogr. Ser. 
78, 1–36. 
Schmid, T.W., Bernasconi, S.M., 2010. An automated method for “clumped-isotope” 
measurements on small carbonate samples. Rapid Commun. Mass Spectrom. 24, 
1955–1963. 
Schwarcz, H.P., Harmon, R.S., Thompson, P., Ford, D.C., 1976. Stable isotope studies of 
fluid inclusions in speleothems and their paleoclimatic significance. Geochim. 
Cosmochim. Acta 40, 657–665. 
Spratt, R.M., Lisiecki, L.E., 2016. A Late Pleistocene sea level stack. Clim. Past 12, 
1079–1092. 
Tremaine, D.M., Froelich, P.N., Wang, Y., 2011. Speleothem calcite farmed in situ: 
Modern calibration of δ18O and δ13C paleoclimate proxies in a continuously- 
monitored natural cave system. Geochim. Cosmochim. Acta 75, 4929–4950. 
Turney, C.S.M., Jones, R.T., 2010. Does the Agulhas current amplify global temperatures 
during super-interglacials? J. Quat. Sci. 25, 839–843. 
Uemura, R., Nakamoto, M., Asami, R., Mishima, S., Gibo, M., Masaka, K., Jin-Ping, C., 
Wu, C.-C., Chang, Y.-W., Shen, C.-C., 2016. Precise oxygen and hydrogen isotope 
determination in nanoliter quantities of speleothem inclusion water by cavity ring- 
down spectroscopic techniques. Geochim. Cosmochim. Ac. 172, 159–176. 
Uemura, R., Kina, Y., Shen, C.-C., Omine, K., 2020. Experimental evaluation of oxygen 
isotopic exchange between inclusion water and host calcite in speleothems. Clim. 
Past 16, 17–27. 
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